Pompe disease is a neuromuscular disease resulting from deficiency in acid α-glucosidase (GAA), results in cardiac, skeletal muscle, and central nervous system (CNS) pathology. Enzyme replacement therapy (ERT) has been shown to partially correct cardiac and skeletal muscle dysfunction. However, ERT does not cross the bloodbrain barrier and progressive CNS pathology ensues. We tested the hypothesis that intrapleural administration of recombinant adeno-associated virus (rAAV9)-GAA driven by a cytomegalovirus (CMV) or desmin (DES) promoter would improve cardiac and respiratory function in Gaa −/− mice through a direct effect and retrograde transport to motoneurons. Cardiac magnetic resonance imaging revealed significant improvement in ejection fraction in rAAV9-GAA-treated animals. Inspiratory phrenic and diaphragm activity was examined at baseline and during hypercapnic respiratory challenge. Mice treated with AAV9 had greater relative inspiratory burst amplitude during baseline conditions when compared with Gaa −/− . In addition, efferent phrenic burst amplitude was significantly correlated with diaphragm activity in both AAV9-DES and AAV9-CMV groups but not in Gaa −/− . This is the first study to indicate improvements in cardiac, skeletal muscle, and respiratory neural output following rAAV administration in Pompe disease. These results further implicate a role for the CNS in Pompe disease pathology and the critical need to target the neurologic aspects in developing therapeutic strategies.
INTRODUCTION
Pompe disease is a neuromuscular disease that leads to a severe and rapid development of cardiopulmonary and skeletal muscle dysfunction. The prevalence of Pompe (glycogen storage disease type II, acid maltase deficiency; MIM 232300) disease is ~1:40,000 live births worldwide and results from a single gene defect in acid α-glucosidase (GAA). Since GAA represents the only pathway for degradation of glycogen, once it reaches the lysosome there is significant glycogen accumulation. Pompe disease patients are affected by profound cardiac and skeletal muscle weakness and without intervention may die within 1 to 2 years. Although there is an Food and Drug Administrationapproved therapy (enzyme replacement therapy (ERT)) for patients, this strategy only attenuates the skeletal muscle weakness associated with the disease. Even with ERT, patients nonetheless develop respiratory insufficiency and some require mechanical ventilation. 1, 2 The lack of central nervous system (CNS) correction by ERT may be a primary mechanism for the failure to maintain sufficient alveolar ventilation. The overall success of ERT in Pompe patients has been in overall survival; however, 25% of early-onset patients die within the first 5 years of treatment and 65% of patients experience ventilatory insufficiency (reviewed in refs. [3] [4] [5] [6] . Successful treatment by ERT requires receptor-mediated uptake of GAA which is inefficient with currently available ERT formulations. 7 Treatment does however attenuate the progression of the disease, 2 with a high burden which requires life-long biweekly treatment and significant financial consequences (i.e., average-size adult: ~$700,000/ year). Therefore, our research focus is to develop a treatment option that more effectively addresses the pathophysiology of Pompe disease and may lead to improvements in the overall quality and duration of life in affected individuals.
Numerous clinical variants of Pompe disease have been observed and classified in patients. A continuum of disease is generally recognized, however, broad categories of severe/earlyonset or mild/late-onset disease are traditionally used. 8 The disease severity is inversely correlated with residual GAA activity. The most severe form of the disease is due to complete absence of the enzyme and patients present in the first 3 months of life with congestive heart failure and severe hypotonia. There is progressive cardiomegaly and respiratory compromise that leads to cardiorespiratory failure in untreated patients within the first year of life. Later-onset forms of Pompe disease generally 2, 9 Although lifespan has increased in patients receiving ERT, there is significant residual deficit in patients. Improved patients survival lead to a new management paradigm where patients face significant new challenges, especially related to ventilatory failure. 1, 10 Therefore, our focus is to develop therapeutics options which will reverse and/or restore cardiac, neural, and skeletal muscle pathophysiology in affected patients.
Intrapleural Administration of AAV9 Improves Neural and Cardiorespiratory Function in Pompe Disease
A few reports have shown excessive glycogen deposition within the brain and CNS in Pompe patients 9, [11] [12] [13] [14] and Gaa −/− mice. 9, 15, 16 In the Gaa −/− model, studies have conclusively demonstrated pathology in respiratory motoneurons, including both the phrenic (diaphragm) and hypoglossal (tongue) motor pools. Neurophysiological recordings in adult Gaa −/− mice are consistent in showing a blunted efferent respiratory motor output as well as increased variability in the overall respiratory pattern. 9, [17] [18] [19] In addition, direct C3-4 intraspinal injections with adeno-associated virus (AAV)-GAA restores spinal GAA and increased minute ventilation in Gaa −/− mice. 20 Importantly, respiratory parameters were attributed to a CNS-specific correction, since vector was delivered only to the spinal cord and no vector was detectable in the diaphragm of recombinant AAV (rAAV)-treated Gaa −/− animals. Therefore, accumulating evidence suggests that pathology in respiratory motoneurons and/ or neural circuits is a major contribution to respiratory control problems in Pompe disease.
The rationale for intrapleural administration of rAAV vector was to address the primary disease manifestations in early-onset (cardiac and respiratory dysfunction) and lateonset (respiratory) Pompe patients. More importantly, intrapleural administration of vector may also provide sufficient retrograde transduction of phrenic and intercostal motor neurons, 21 thereby reversing respiratory dysfunction. We performed a direct comparison of a ubiquitous viral promoter (cytomegalovirus (CMV)) against a tissue-restricted promoter (desmin (DES)). The DES promoter contains a myocyte-specific enhancer factor 2 and a MyoD enhancer element and results in significant expression in the myocardium, diaphragm, and CNS. 22 The present study explores the feasibility of intrapleural administration for transduction of the myocardium, respiratory muscles, and CNS for treatment of Pompe disease.
RESULTS
To compare the therapeutic efficacy of rAAV9-mediated gene delivery, 3 months old Gaa −/− mice were treated with a single intrapleural injection of rAAV9-CMV-hGAA (AAV9-CMV) or rAAV9-DES-hGAA (AAV9-DES) (1 × 10 11 vector genome/ mouse). Cardiac, neurophysiologic, and respiratory indexes were assessed 6 months post-injection.
Viral genome distribution of rAAV9 following intrapleural delivery
The transduction efficiency of rAAV9-hGAA in the spinal cord, myocardium, and diaphragm was assessed by real-time PCR. Six months following vector administration, real-time PCR analysis showed detection of vector genome copies in the cervical/thoracic spinal cord, diaphragm, and myocardium ( Intrapleural delivery of rAAV9 results in significant GAA activity and glycogen clearance in cardiac and respiratory muscles Previously, we have shown that rAAV gene transfer to the myocardium and respiratory muscles results in a significant increase in GAA activity. In this study at 6 months post-injection, cardiac GAA activity levels were 23.0 ± 8.9 and 61.8 ± 29.8% of wild-type in AAV9-CMV-and AAV9-DES-treated animals (P < 0.05), respectively (Figure 2a) . Elevation of GAA activity was also observed in the diaphragm (Figure 2b , AAV9-CMV 115.8 ± 27.9%; AAV9-DES 40.3 ± 9.8%; P < 0.05) and costal muscles (data not shown) of AAV9 vector-treated animals. No increase in liver GAA activity levels was detected in AAV9 vector-treated animals (Figure 2c ). Staining for glycogen by periodic acid-Schiff 's staining revealed a reduction in lysosomal glycogen deposition in AAV9-treated animals in the diaphragm (Figure 2d) , myocardium, and costal muscles (data not shown).
Cardiac function Early-onset Pompe patients and Gaa
−/− mice demonstrate profound cardiac hypertrophy and dysfunction. High-field (4.7-T) cardiac magnetic resonance imaging done 6 months post-dose revealed significant improvement in ejection fraction (AAV9-DES: 74.9 ± 4.9 and AAV9-CMV: 74.1 ± 4.5, P < 0.05) and stroke volume (AAV9-DES: 41.2 ± 2.6 and AAV9-CMV: 38.2 ± 3.1, P < 0.05) when compared with Gaa −/− animals (66.7 ± 1.8 and 30.5 ± 1.0, ejection fraction and stroke volume, respectively) (Figure 3a,b) .
Impact of rAAV-hGAA on respiratory function in Gaa
−/− mice Respiratory-related electrical discharges were recorded from both the phrenic nerve (neurograms) and the diaphragm (electromyograms (EMG)) in spontaneously breathing, anesthetized mice. We detected no impact of AAV9-GAA treatment on the inspiratory frequency (breaths × min −1 ; Figure 4a) . However, assessment of inspiratory bursting suggested increased respiratory motor drive in Gaa −/− mice following AAV9-GAA treatment. Figure 4b depicts the amplitude of the inspiratory phrenic burst expressed relative to peak activity evoked by a brief hypercapnic stimulus. Gaa −/− mice treated with AAV9-DES and AAV9-CMV both showed a significantly greater inspiratory phrenic burst, possibly indicating greater or more efficient phrenic motoneuron recruitment compared with the baseline ventilation conditions. In contrast, we did not detect a significant impact of either AAV9-GAA vector on the burst amplitude of the normalized diaphragm EMG signal (Figure 4c ). This may reflect the inability of the EMG electrodes to effectively sample all active diaphragm motor units given the technical limitations of the diaphragm EMG in mice. It is of potential interest, however, to note that there was a strong tendency for the raw amplitude (i.e., arbitrary units) of the diaphragm EMG signal to be enhanced in mice treated with the AAV9-DES vector (data not shown). Simultaneously recording the electrical activity of the phrenic nerve and diaphragm enabled us to examine the relationship between these two variables. We found no detectable correlation between phrenic nerve output and diaphragm activity in untreated Gaa −/− mice (r 2 = 0.00), suggesting a problem with neuromuscular transmission in Gaa −/− mice. In contrast to the untreated group, Gaa −/− mice treated with both AAV9-CMV (r 2 = 0.67, P < 0.05) and AAV9-DES (r 2 = 0.60, P < 0.05) showed a significant relationship between phrenic nerve activity and diaphragm EMG output ( Figure 5) . Accordingly, AAV9 treatment may have acted to restore or enhance neuromuscular transmission between the phrenic nerve and the diaphragm.
DISCUSSION
The current study addresses several key issues specific to Pompe disease. First, it is generally accepted that ERT increases lifespan in Pompe patients but fails to result in a substantial increase in . CMV, cytomegalovirus; DES, desmin; GAA, acid α-glucosidase; rAAV, recombinant adeno-associated virus. lysosomal GAA levels, decreased glycogen content, and improved respiratory function. Primarily, these events are believed to occur as a result of inefficient cation-independent mannose 6-phospate receptor-mediated uptake. The direct correction of affected cells via rAAV-mediated GAA delivery has been shown to increase cellular GAA levels through a cell autonomous mechanism utilizing the high efficiency of the intracellular trafficking pathway. A lack of detectable GAA enzymatic activity in liver lysates from AAV9-treated animals following intrapleural administration supports a cell autonomous mechanism. Our results show this mechanism results in a significant increase in lysosomal GAA activity and leads to a depletion of lysosomal glycogen and improved cardiac and respiratory function. Second, many reports investigating alternative therapies have focused on skeletal muscle morphology or integrated neuromuscular measurements (i.e., wire hang, rotorod) to determine efficacy. We have extended upon previous observations and incorporated in vivo neurophysiologic and EMG analyses to delineate the tissue-specific effects of rAAV-mediated gene transfer. Lastly, the effect of rAAV treatment in regard to cardiac morphology and function has been included in this report as it is the principal manifestation in infantile Pompe patients. Overall, our results suggest that rAAV therapy can mitigate the cardiac, motoneuron, and respiratory complications associated with Pompe disease. Numerous reports have shown a significant increase in cardiac GAA activity, 1 and improved cardiac function and morphology [23] [24] [25] following rAAV-hGAA delivery in the Gaa −/− mouse model. However, an augmentation of ejection fraction and decrease in left ventricular mass has only been reported following intravenous delivery of rAAV1 vectors. 26 Here, we show long-term improvement (6 months) in ejection fraction and stroke volume in rAAV9-treated animals. Due to the severe cardiomegaly in early-onset patients, 27 effective therapy should address efficient myocardial transduction and glycogen clearance to normalize cardiac function. Direct intramuscular, hepatic, limb perfusion, or intravenous delivery of rAAV have resulted in increased GAA activity in skeletal muscle. Importantly, vector-mediated GAA production appears to be fiber-type-independent in contrast to a preferential type I fiber phenotype receptor-mediated and trafficking to the lysosome by ERT. 28 Moreover, intravenous delivery of rAAV-GAA vectors has resulted in a significant increase in skeletal muscle-specific force production in predominantly type I fibers of the soleus 26, 29 and a mixed fiber phenotype muscle like the diaphragm. 17, 23, 30 Respiratory insufficiency is the primary contributor to late-onset disease. Mechanical ventilation in itself contributes diaphragmatic contractile dysfunction and atrophy; 31 this coupled with excessive myofiber glycogen accumulation is likely to worsen ventilator-induced diaphragm dysfunction.
Perhaps most significant is the increasing prevalence of reports describing CNS pathology in Pompe disease. 9, [11] [12] [13] [14] [15] [16] 18, 32, 33 Previously, we have shown reduced ventilatory function in a muscle-specific GAA transgenic mouse model, whereas ex vivo diaphragmatic contractile function is corrected by the expression of GAA. These findings have major implications, since ex vivo diaphragmatic contractile function is assessed independent from neural input. As numerous factors could contribute to respiratory deficits independent of GAA expression in a muscle-specific model, the ventilatory dysfunction is likely the result of motoneuron dysfunction. This was confirmed through several recent reports demonstrating impaired hypoglossal and phrenic motor output in Gaa −/− mice. 9, 17, 18 However, there is only one report describing direct clearance of motoneuron glycogen deposition and improved respiratory function in Gaa −/− following rAAV therapy. 20 The study by Qui et al. demonstrated high transduction of the ventral cervical spinal cord, including the phrenic motoneuron pool, and significant improvements in minute ventilation following direct spinal rAAV delivery. The increase in ventilation after direct spinal AAV-GAA delivery highlights a role for neuropathology as a significant mechanism of respiratory insufficiency in Pompe disease. Accumulation of glycogen could lead to motoneuron and interneuron dysfunction and death. 34 Since ERT does not cross the blood-brain barrier, ERT has no effect on CNS glycogen deposition. Therefore, the effect of direct transduction of motor neurons by vector-mediated delivery is expected to lead to a greater degree of respiratory correction in Pompe disease. 9 The severity of cardiac disease in the Pompe patient population is dependent on the residual enzyme activity and degree of glycogen accumulation. In this study, we evaluated the intrapleural route of administration to efficiently target the myocardium, respiratory muscles, and neurons. Although systemic administration would result in increased biodistribution, intrapleural delivery may provide an avenue to target key respiratory muscles and the myocardium with a higher amount of vector genomes. Previously, intrapleural delivery of rAAV vectors has been shown to transduce the diaphragm, costal muscles, myocardium, and lung. 35, 36 The impact on cardiopulmonary function following intrapleural vector delivery has not been previously investigated. In this study, modulation of GAA through intrapleural delivery of rAAV augments cardiac and respiratory function in adult Gaa −/− mice. 
Molecular Therapy
Vector administration occurred at 3 months of age when tissues from Gaa −/− mice already display pathology; however, long-term expression and physiological correction was observed 6 months post-injection. Importantly, the improvement in respiratory function was the result of gene transfer to respiratory muscles and motoneurons. Transduction of phrenic and costal motoneurons is in agreement with previous work demonstrating the retrograde transport ability and/or blood-brain barrier permissibility of rAAV9 vectors. 19, 37, 38 The current mechanism by which rAAV9 is retrogradely transported following direct intramuscular injection has not been defined. It is conceivable that viral uptake occurs at the neuromuscular junction but to our knowledge this has not been definitively evaluated. Axonal transport of rAAV appears to be serotype-dependent and is enhanced when N-methyl daspartate receptor antagonist (histogranin) and dynein-related peptide sequences are inserted into VP3. [39] [40] [41] [42] Elucidating the mechanism by which rAAV is transported between skeletal muscle and peripheral nerves may enable the alteration of capsid composition to enhance or diminish retrograde transport ability, thereby improving therapy. Overall our findings support the causative role of the CNS for the development of respiratory muscle weakness and warrant continued development of rAAV-based therapies for the treatment of inherited myopathies and neuromuscular disease.
MATERIALS AND METHODS
Packaging and purification of rAAV9 vectors. Recombinant AAV9 vectors were produced using the triple plasmid transfection method, purified, and titered as previously described. 43 The AAV9 packaging plasmid pRep2/ Cap9 was a kind gift from Dr James Wilson (University of Pennsylvania, Philadelphia, PA).
Experimental animals. The Gaa
−/− mouse (Taconic, Hudson, NY) originally developed by Raben et al. 44 was outbred to a 129SVE background. Three months old Gaa −/− male and female mice were randomized to the following groups: untreated Gaa −/− + lactated ringer's solution or AAV9-GFP (CON), Gaa −/− + AAV9-DES-hGAA (DES), Gaa −/− + AAV9-CMVhGAA (CMV), and compared with the syngeneic background strain 129SVE + lactated ringer's solution (wild-type). All animal studies were approved in accordance with the guidelines set forth by the University of Florida Institutional Animal Care and Use Committee. All animals were sacrificed at 9 months of age (6 months post-injection) for molecular, histologic, and biochemical assays.
In vivo delivery of rAAV vector. Mice were anesthetized using 2% isoflurane (1l O 2 ). Under sterile conditions, mice were injected with a single injection using an insulin tuberculin syringe. Lactated ringers solution or rAAV9 (1 × 10 11 vector genome) diluted with lactated ringers solution to a quantity sufficient volume of 400 μl was used for intrapleural delivery.
Cardiac measurements. Cardiac magnetic resonance imaging was performed on a 4.7-T Bruker Avance spectrometer (Bruker BioSpin, Billerica, MA) at the University of Florida AMRIS facility. The animals were anesthetized using 1.5% isoflurane and 1 l/minute oxygen. The animals were placed prone on a home-built quadrature transmit-and-receive surface coil, with the heart placed at the center of the coil. Images were acquired using IntraGate and were retrospectively reconstructed. The heart was visualized by acquiring single short-axis slices along the length of the left ventricle. Images were processed using CAAS MRV for mouse (Pie Medical Imaging, Maastricht, The Netherlands). Contours were drawn for the epicardium and the endocardium for each slice along the length of the left ventricle at both end diastole and end systole. The results were exported and analyzed and ejection fraction% and stroke volume was calculated.
Recording phrenic nerve and diaphragm electrical activity during spontaneous breathing. All procedures were adapted from our prior reports. 9, 18 Mice were anesthetized with urethane (1.0-1.6 g/kg, intraperitoneally; Sigma, St Louis, MO) and studied while in a supine position. A servo-controlled heating pad enabled regulation of body temperature at 37-38 °C (model TC-1000; CWE, Ardmore, PA). Mice were spontaneously breathing throughout these experiments. Inspired oxygen was maintained at 50% (balance N 2 ), and monitored via O 2 sensor (Model GB300; Teledyne Technologies, City of Industry, CA). The phrenic nerve was isolated unilaterally and nerve activity was recorded using a monopolar silver wire electrode (no. 782500; A-M Systems, Carlsborg, WA). The signal was amplified (1000x, Model 1700; A-M Systems, Carlsborg, WA) and band-pass filtering (0.3-10 kHz). The raw neurograms were integrated using a 100-ms time constant (model MA-1000; CWE). In addition to phrenic nerve activity, electrical activity was simultaneously recorded from the abdominal surface of the diaphragm using a bipolar surface electrode consisting of two stainless steel wires. The signal was amplified (1000x) and filtered (band pass: 0.3-10 kHz; notch: 60 Hz) using a differential A/C amplifier (Model 1700; A-M Systems). The signal was also rectified and moving averaged (time constant: 100 ms, MA-1000 moving averager; CWE). All signals were digitized and recorded on a PC using Spike2 software (Cambridge Electronic Design Limited, Cambridge, England).
Biochemical Assessment. At 6 months post-injection, tissue homogenates were assayed for GAA enzyme activity as described previously. 29 Briefly, tissue lysates were assayed for GAA activity by measuring the cleavage of 4-methylumbelliferyl-α-D-glucoside (Sigma M9766; Sigma) after 1-hour incubation at 37 °C.
Histological analysis. Cardiac and diaphragm samples were fixed immediately in 3% glutaldehyde in 0.2 mol/l Na Cacodylate buffer (pH 7.3) before embedding in epon as described previously 45 with minor modifications. Briefly, tissues were incubated in 0.5% periodic acid (Richard-Allan Scientific, Kalamazoo, MI) for 10 minutes at 60 °C, rinsed with tap water and then stained with Schiff 's reagent (Richard-Allan Scientific) for 5 minutes, and then rinsed again in tap water. Sections were then counterstained with toluidine blue for 10-20 seconds. GFP immunohistochemistry of the cervical and thoracic spinal cord following rAAV9-GFP was performed according to ElMallah et al. 19 Briefly, GFP immunohistochemistry was performed by secondary detection with a VECTASTAIN ABC kit (Vector Laboratories, Burlingame, CA) and DAB. Tissue was incubated overnight with primary antibody against GFP, diluted 1:20,000 (chicken anti-GFP; Aves Laboratories, Tigard, OR). Sections were washed in phosphate-buffered saline, incubated with a biotinylated anti-chicken IgG secondary antibody (diluted 1:200; Vector Laboratories), and treated with a VECTASTAIN ABC kit and DAB for detection via bright-field microscopy.
Vector pharmacology. Real-time DNA PCR detection was performed as previously described. 17 Tissues samples from animals in each group were analyzed and data are reported as AAV vector genome copies per μg DNA ± SEM.
Statistical analyses.
Statistical studies were performed using GraphPad Prism or SigmaStat v2.0 software (Graphpad Software, La Jolla, CA). The peak height of the inspiratory signals recorded in the phrenic nerve and diaphragm during the baseline condition was normalized to the value during hypercapnic challenge (% peak). Both amplitude of respiratory motor output and respiratory frequency were analyzed by one-way analysis of variance followed by Student-Newman-Keuls post-hoc test. A linear regression analysis was used to evaluate relationship between the non-normalized burst amplitude (i.e., arbitrary units) recorded in the phrenic nerve and the diaphragm. Descriptive statistics were used for each group, and one-way analysis of variance, followed by Tukey's post-hoc comparison if necessary was used among groups. All results are presented as mean ± SE. P < 0.05 was considered significant.
